Silica has been known to be a factor in acute cell injury and chronic pulmonary fibrosis. To date, many studies have emphasized the reactive oxygen species (ROS) as a primary cause of this pathogenesis. Previously, we demonstrated that silica induced acute radical generation and intracellular Ca 2+ increase in Rat2 cells. Moreover, increases in intracellular Ca 2+ directly affect the rapid degradation of peroxiredoxin (Prx), a newly discovererd antioxidant enzyme family. In the present study, we investigated the mechanism by which silica transfers its cellular signal downstream of the cell by using human lung epithelial cells, which are known to contribute to the inflammatory response after exposure to silica in the lung. In A549 cells, silica induced the generation of ROS immediately, although immediate responses were observed in C6 cells or in Rat2 cells. Nevertheless, the immediate production of ROS in response to silica in A549 cells was not clearly detected, but the initial step for NF-κB signaling, such as rapid degradation of IκB-α, was sensitive to the addition of silica. Additionally, silica triggered the rapid degradation of cytoplasmic antioxidant enzymes such as PrxI and PrxII, indicating that this may accelerate silica-induced cellular damage. Moreover, silica was observed to increase intracellular Ca 2+ concentration. This report suggests that silica transduces diverse pathways, such as the rapid increase of intracellular Ca 2+ concentration, NF-κB signaling or modulation of redox potential by destruction of antioxidant enzymes, without the immediate generation of ROS in A549 cells.
INTRODUCTION
Lung epithelium plays an important role during the infiltration of particles into the lung, because it acts as a barrier and its disruption contributes to pulmonary inflammation and fibrosis. To understand the procedure of particle-induced pulmonary fibrosis, it is necessary to clarify the interaction between particles and lung epithelial cells. Several reports have shown that particles stimulate the generation of reactive oxygen species (ROS) in phagocytes, including alveolar macrophages, and induce cytotoxicity through these ROS. Our previous study have shown that non-phagocytic cells, such as Rat2 fibroblasts, were able to generate immediate ROS accumulation and induce the activation of signal transduction pathways in response to silica (Cho et al., 1999; Seo et al., 1999) , In addition to their cytotoxic nature, ROS have been demonstrated to serve as a pivotal intracellular second messenger for cytokine-and growth factor-induced cell signaling. This phenomenon has been confirmed by the use of diverse antioxidant systems (Lo and Cruz, 1995) .
ROS might play an important role in the pathophysiological interaction of particles with lung epithelial cells. It would be of great interest to establish whether immediate ROS generation by silica in lung epithelial cells actually occurs, and whether this can contribute to cellular signaling pathways.
In this study, we have attempted to demonstrate whether silica could induce the generation of ROS transiently in A549 cells, a human lung epithelial cell line, although the intracellular pathway leading to the generation of ROS is not fully understood in nonphagocytic cells. We also examined other molecules that are important in such cellular signaling as a change of Ca 2+ concentration or NF-κB signaling. Moreover, in order to establish whether silica could trigger the modulation of protein levels of antioxidant enzymes leading to a redox change, we investigated the alterations of cellular antioxidant enzymes such as copper/zinc-superoxide dismutase (SOD), catalase and the peroxiredoxin (Prx) family of peroxidases.
MATERIALS AND METHODS
Human lung adenocarcinoma A549 cell lines (ATCC, CCL185) were maintained in F12K medium containing 10% fetal bovine serum (FBS). C6 cells were cultured in Dulbecco's modified essential medium (Gibco BRL, Rockville, MD, USA) supplemented with 10% FBS. Cells were maintained at 37°C in 95% room air/5% CO 2 in a humidified chamber. Silica (1.0 mg/ml) was added in a timedependent manner before harvest.
Immunoblot analysis was performed as described previously . The specific antibodies to PrxI, PrxII, Cu/Zn SOD, thioredoxin (Trx) , catalase (Calbiochem, USA) or IκB-α (Santacruz, USA) were used for immunoblot analysis.
Intracellular generation of ROS was monitored by measuring changes in fluorescence resulting from the intracellular oxidation of 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) . A549 cells were plated on a 35 mm dish (10 5 cells/ plate) and cultured for a day. These cells were washed with Krebs-Ringer solution three times and 5 µM DCFH-DA (Molecular Probes, USA) was added for 5 min. They were then washed three times with the same solution as described above, and treated with silica for 5 min. After stimulation with silica, DCF fluorescence was measured with a laserscanning confocal imaging system (Bio-Rad, USA).
Measurement of intracellular Ca 2+ was performed as follows. The cells were seeded at a density of 10 5 cells onto a 35 mm dish that had a 10 mm hole in the center. The cells were washed with modified Hank's solution and loaded with Fura-2/AM (10 µM) as an intracellular probe for 45 min at 37°C. The fluorescence was measured using the InCaTM Imaging System (Intracellular Imaging Inc., USA).
RESULTS
In A549 cells, the effect of silica on intracellular generation of ROS was observed by a laser-scanning confocal system using ROS-sensitive fluorescent dye. As shown in Fig. 1a , silica did not seem to activate the transient ROS generation; however, H 2 O 2 effectively increased in DCF fluorescence in the same cells. To confirm whether this phenomenon was dependent on cell type, we monitored DCF fluorescence in Rat2 and C6 cell lines treated with silica. DCF fluorescence was increased in both C6 (Fig. 1b) and Rat2 cells (data not shown) , suggesting that immediate ROS generation by silica is dependent on cell type. This also suggests that in A549 cells the NADPH-oxidase complex, which is a well known molecule for ROS generation in phagocytes, may not function effectively.
We investigated whether silica-induced cellular signaling, such as degradation of IκB-α and alteration of the intracellular calcium concentration, occurred. As shown in Fig. 2a , silica induced the rapid degradation of IκB-α. This result suggests that silica-induced NF-κB signaling may not be fully dependent on ROS generation, but rather, an unidentified pathway may be responsible for IκB-α degradation through a cell signaling pathway. Although no obvious ROS generation by silica was observed in A549 cells, we tested whether silica was capable of changing the redox status within the cell through the 
Fig. 2.
Immunoblot analysis of antioxidant enzymes, thioredoxin and IκB-α in A549 cells exposed to silica. Cells were exposed to silica (1 mg/ml). The cell lysates (10 µg of total protein per lane) were subjected to Western blot analysis. regulation of antioxidant enzymes by measuring the protein expression levels of antioxidant enzymes. We found that PrxI and PrxII, which are newly discovered thioredoxin-dependent peroxidases located in cytoplasm (Kang et al., 1998) , were degraded rapidly (Fig. 2b) . Additionally, thioredoxin, which has been reported to be an antioxidant protein as well as an immediate electron donor for Prxs (Kang et al., 1998) , showed silica-dependent protein degradation in a time-dependent manner, whereas well-known antioxidant enzymes, such as catalase or Cu/Zn-SOD, remained unchanged at the protein level. These results suggest that Prx is likely to be an important regulator for silica-induced cell signaling because cellular redox changes, such as a destruction of antioxidant proteins, may influence signal transduction events.
To demonstrate whether calcium signaling induced by silica was altered in A549 cells, we measured the intracellular calcium concentration. Silica induced an increase in the intracellular calcium concentration in A549 cells (Fig. 3) . This result is consistent with previous works, which showed an intracellular calcium increase by silica in various cell types.
DISCUSSION
Previously, we observed that antioxidant enzymes such as PrxI and PrxII were rapidly destroyed, and that this destruction was independent of the production of ROS . These results indicate that silica can modulate the intracellular redox milieu without radical generation; this potential pathway is therefore important enough to investigate in detail. Recently, Barrett et al. (1999) demonstrated that immediate ROS generation in response to silica in MLE-15mouse lung epithelial cells was not clearly established, whereas cells exposed to silica for up to 3 h revealed an increase in ROS. This paper also suggested that tumor necrosis factor-α activation at the transcriptional level by silica leads to the activation of ROS generation. Thus, these observations allow us to postulate that silica may not rapidly induce a ROS generation system in A549 cells, but trigger the delayed accumulation of ROS by an indirect pathway.
NF-κB activation was assessed as another monitoring tool for cell signaling. Indeed, NF-κB activation has received great attention as a regulator of genes linked to cell injury, inflammation or various types of stress. It has been seen as one of the major cellular responses to silica (Chen et al., 1997) , and in many cases this activation has been considered to be an outcome of ROS generation. For activation of NF-κB, the predominant inactive form of NF-κB that consists of p65, p50 and IκB-α subunits follows a well-documented process, and the rapid degradation of IκB-α by IκB kinase is an essential precursor reaction for the entire process (DiDonato et al., 1997) . Although many studies have emphasized the pivotal role of ROS in the cascade for IκB-α degradation, we observed the rapid degradation of IκB-α without obvious ROS generation. This result suggests that transiently generated ROS are unlikely to be a general mediator for the activation of NF-κB; rather, an unknown pathway may be responsible for NF-κB signaling in this case.
Cells have an antioxidant system, including antioxidant enzymes, to protect them from oxidative stress. Among the antioxidant enzymes, we focused on the newly identified peroxidases, namely the peroxiredoxin family, to establish whether these enzymes are regulated in human lung epithelial cells by silica regardless of ROS. It has been reported that mRNA levels of Mn-SOD and glutathione-dependent peroxidase were increased in silica-exposed rat lungs (Janssen et al., 1992) . In the present study, silica treatment did not change the protein levels of catalase or Cu/Zn-SOD; however, Prxs were destroyed rapidly. In silica-stimulated lung epithelial cells, Prxs seemed to be the primarily controlled antioxidant enzymes, and this rapid breakdown of Prx in turn indirectly regulates the cellular redox status.
In summary, the present study demonstrates that silica seems to use diverse pathways to trigger cell signaling without immediate generation of ROS in A549 cells. The mechanisms for NF-κB activation and rapid degradation of Prxs require further investigation. 
CONCLUSIONS
This report suggests that silica transduces diverse pathways, such as the rapid increases in intracellular Ca 2+ concentration, NF-κB signaling or modulation of redox potential by destruction of antioxidant enzymes, without immediate generation of ROS in A549 cells.
